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ABSTRACT
Supernovae (SNe) have been proposed to be the main production sites of dust grains in the Universe.
Our knowledge on their importance to dust production is, however, limited by observationally poor
constraints on the nature and amount of dust particles produced by individual SNe. In this paper,
we present a spectrum covering optical through near-Infrared (NIR) light of the luminous Type IIn
supernova (SN IIn) 2010jl around one and half years after the explosion. This unique data set reveals
multiple signatures of newly formed dust particles. The NIR portion of the spectrum provides a rare
example where thermal emission from newly formed hot dust grains is clearly detected. We determine
the main population of the dust species to be carbon grains at a temperature of ∼ 1, 350− 1, 450K at
this epoch. The mass of the dust grains is derived to be ∼ (7.5− 8.5)× 10−4M⊙. Hydrogen emission
lines show wavelength-dependent absorption, which provides a good estimate on the typical size of
the newly formed dust grains (∼< 0.1µm, and most likely ∼< 0.01µm). We attribute the dust grains
to have been formed in a dense cooling shell as a result of a strong SN-circumstellar media (CSM)
interaction. The dust grains occupy ∼ 10% of the emitting volume, suggesting an inhomogeneous,
clumpy structure. The average CSM density is required to be ∼> 3×10
7 cm−3, corresponding to a mass
loss rate of ∼> 0.02M⊙ yr
−1 (for a mass loss wind velocity of ∼ 100 km s−1). This strongly supports
a scenario that SN 2010jl and probably other luminous SNe IIn are powered by strong interactions
within very dense CSM, perhaps created by Luminous Blue Variable (LBV)-like eruptions within the
last century before the explosion.
Subject headings: dust, extinction – shock waves – infrared: stars – supernovae: individual: SN 2010jl
1. INTRODUCTION
Core-collapse supernovae (CCSNe) have been sug-
gested to be one of major production sites of cosmic
dust grains. This has been highlighted by their capa-
bility of producing dust in the early Universe thanks to
the short time scale of massive star evolution leading to
core-collapse and explosion (e.g., Dwek et al. 2007). SNe
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eject metal-rich materials into space, which cool rapidly
and provide an ideal condition for dust condensation
(Kozasa et al. 1989; Todini & Ferra 2001; Nozawa et al.
2003).
Another dust production mechanism has also been
suggested for a class of SNe exploding within dense
circumstellar materials (CSM). Such SNe are classified
as Type IIn due to their narrow hydrogen emission lines
(Filippenko 1997), probably arising from unshocked
CSM (Chevalier & Fransson 1994), but also includes
a rare class of SN Ib 2006jc-like objects (Type Ibn:
Foley et al. 2007; Pastorello et al. 2008; Smith et al.
2008a; Tominaga et al. 2008; Anupama et al. 2009).
The strong interaction between the SN ejecta and
CSM can provide an additional power source of the SN
emission other than the radioactive decay chain 56Ni →
56Co → 56Fe (e.g., Chevalier & Fransson 1994; Chugai
2001; Chugai et al. 2004; Chevalier & Irwin 2011;
Chatzopoulos, Wheeler, & Vinko 2012; Moriya et al.
2013a,b). They show a range of luminosities
(Taddia et al. 2013), perhaps due to a diversity in
the strength of the interaction (i.e., in the ejecta proper-
ties and/or the CSM density). In an extreme situation,
either with a large kinetic energy of the explosion and/or
extremely high density CSM, such a system may also be
responsible for (at least a part of) Super-Luminous SNe
(SLSNe: see, Quimby et al. 2011; Gal-Yam 2012, and
references therein).
In these strongly interacting SNe, the dense shell
would undergo strong radiative cooling, thus the tem-
perature could decrease to the dust condensation tem-
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perature while the density is still high (Pozzo et al. 2004;
Smith et al. 2008a). However, details of the process are
yet to be clarified. One may expect that this ‘cooling-
shell’ dust formation takes place favorably in an earlier
phase than in other classes of CCSNe as reported in a
few cases (e.g., Smith et al. 2008a), but constraining
the dust formation time is generally difficult since it re-
quires an extensive time-sequence from optical through
IR to disentangle other possibilities like an echo from
pre-existing dust grains in the CSM (see, e.g., Fox et al.
2011).
A main obstacle in understanding the importance of
SNe in the cosmic dust inventory is generally insufficient
data (or lack of detailed analysis) to specify the macro-
scopic and microscopic properties of newly formed dust
grains in individual SNe. For most SNe suggested to
have experienced dust formation, the link has been in-
ferred by either a suppression of the red wing of spec-
tral lines and/or a sudden drop in optical light curves
(see, Kozasa et al. 2009, for a review). Stronger cases
have been reported for some SNe showing an excess in IR
wavelengths that is attributed to thermal emission from
newly formed dust grains. For some SNe the spectral en-
ergy distribution (SED) was constructed from NIR and
mid-IR photometry (e.g., Mattila et al. 2008; Fox et al.
2009; Andrews et al. 2010; Fox et al. 2011). The best
cases have been provided by detection of a thermal com-
ponent in their spectra, including SN II 1987A (in Mid –
far-IR Moseley et al. 1989; Wooden et al. 1993), SN IIn
1998S (in NIR: Gerardy et al. 2000; Pozzo et al. 2004),
SN IIp 2004et (Mid-IR: Kotak et al. 2009), SN IIn 2005ip
(NIR – Mid-IR: Fox et al. 2010), and SN Ibn 2006jc
(NIR: Smith et al. 2008a; Sakon et al. 2009).
The most convincing case has been reported for SN
1987A, where the dust is believed to have been formed
deep in the SN ejecta through the concurrent appear-
ance of the following events (e.g., Kozasa et al. 1989,
for a review): (1) the blue shift in emission lines in op-
tical (and NIR) (Lucy et al. 1989; Meikle et al. 1993),
(2) decline in the optical luminosity and increase in
the luminosities at longer wavelengths (Whitelock et al.
1989; Suntzef & Bouchet 1990), and (3) thermal con-
tinuum emission in mid-far IR (Moseley et al. 1989;
Wooden et al. 1993). It is, however, very rare that all
these three signatures are obtained for the same SN,
given observational limitations. Typically, the spectral
peak in the dust thermal emission is out of the observed
wavelength range, and the quality of the spectra does not
allow for a detailed investigation of line emissions at IR
wavelengths. To the authors’ knowledge, there has been
no NIR spectroscopic observation of dust-forming SNe
which covers a dust thermal emission peak and, at the
same time, has the signal-to-noise (S/N) ratio sufficiently
high to allow for a detailed study of line emissions.
SN IIn 2010jl offers a new, promising site to study dust
formation. This SN was discovered in an image taken
on Nov. 3.52, 2010 (UT) (Newton & Puckett 2010) in
nearby galaxy UGC5189A (redshift of 0.010697 and the
luminosity distance of 48.9 Mpc, as we adopt through-
out this paper, from the NASA/IPAC Extragalactic
Database13). It is classified as Type IIn (Benetti et al.
13 The NASA/IPAC Extragalactic Database(NED:
http://ned.ipac.caltech.edu/) is operated by the Jet Propul-
2010), and is intrinsically bright, reaching an abso-
lute magnitude of ∼ −20 (Stoll et al. 2011; Zhang et al.
2012). Throughout this paper, we assume that the V -
band maximum was reached at JD2455488 (Stoll et al.
2011) and we express the SN phase relative to this
V -band maximum date. A pre-explosion image sug-
gests that the progenitor of SN 2010jl was likely a mas-
sive star, with a main-sequence mass of Mms ∼> 30M⊙
(Smith et al. 2011). Host galaxy properties imply that
SN 2010jl exploded in a low metallicity environment,
Z ∼< 0.3Z⊙ (Stoll et al. 2011). SN IIn 2010jl was not only
bright but also showed a slow evolution, similar to SN IIn
2006tf (Smith et al. 2008b). While the initial decay rate
was close to that of 56Co, later on around 100 days it
flattened, and this flat evolution continued until at least
200 days (Zhang et al. 2012). If the initial decay phase is
interpreted as being powered by the decay of 56Co, it re-
quires an unusually large amount of 56Ni synthesized at
the explosion, as large as 3.4M⊙ (Zhang et al. 2012). Al-
ternatively, the initial phase could be dominated by the
SN-CSM interaction (Moriya et al. 2013b). In any case,
there is no doubt that after ∼ 100 days (as is the main
focus of this paper) the radioactive energy input cannot
be a major power source, and the SN-CSM interaction
is the most likely power source. The total radiation en-
ergy output up to ∼ 200 days in optical wavelengths,
irrespective of the energy source, reached ∼ 4×1050 ergs
(Zhang et al. 2012). The large luminosity and radiation
output place SN 2010jl close to SLSNe (Quimby et al.
2011; Gal-Yam 2012, and references therein), thus un-
derstanding the properties of SN 2010jl could provide
a hint in understanding yet-unresolved origins of these
SLSNe. Strong SN-CSM interaction seems to provide a
favorable site for the dust formation, perhaps through a
dense cooling shell, as shown in some SNe IIn and the
related SNe Ibn, including SN Ibn 2006jc, SNe IIn 1998S,
2005ip, and possibly SN IIn 2006tf and some other SNe
IIn (Gerardy et al. 2000; Pozzo et al. 2004; Smith et al.
2008a,b; Fox et al. 2010, 2011; Stritzinger et al. 2012).
This motivates our interest to study dust formation in
luminous SN IIn 2010jl.
Dust formation in SN 2010jl, at relatively early-phases
until ∼ 200 days after the discovery, has been under
debate. IR excess peaking at ∼ 5µm was reported
by Andrews et al. (2011a) on day ∼ 77 (relative to
V-band maximum). Smith et al. (2012) reported sys-
tematic blueshift in hydrogen emission lines at similar
epochs. While Andrews et al. (2011a) attributed the IR
excess to an echo by pre-existing dust particles in the
CSM, Smith et al. (2012) speculated that these two fea-
tures could indicate new dust formation. Zhang et al.
(2012) did not find a rapid decline in the optical light
curve in the corresponding epochs, which is expected
from the obscuration by newly formed dust particles, and
suggested that the blueshifted emission lines might be
due to a gas-opacity effect rather than the dust opacity
(see also Smith et al. 2012).
In this paper, we present spectroscopic and photomet-
ric observations from optical through NIR of SN 2010jl
at a late phase, about 550 days after the V -band maxi-
mum. We have found strong evidence for newly formed
sion Laboratory, California Institute of Technology, under contract
with the National Aeronautics and Space Administration
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dust particles in this late phase, and our data set allows
detailed study on the properties of the dust. In §2, we de-
scribe our observations and data reduction. Results are
presented in §3, where we discuss properties of not only
the dust grains but also the SN ejecta and CSM. The
paper is closed in §4 with discussion and conclusions.
An appendix is given for the optical spectrum data re-
duction, the SN environment, and for a constraint on a
possible CSM echo in the SN optical spectrum.
2. OBSERVATIONS AND DATA REDUCTION
2.1. NIR observations
Our NIR observation was performed on April 24,
2012 (UT) (JD2456041.35) at the 8.2 m Subaru Tele-
scope using the Infrared Camera and Spectrograph
(IRCS: Kobayashi et al. 2000) and the Subaru 188-
element Adaptive Optics system (AO188: Hayano et al.
2008, 2010). The date corresponds to +553 days after the
V -band maximum (Stoll et al. 2011). For spectroscopy,
we used J , H , and K grism with a 52 mas pixel scale.
The slit width was taken to be 0.225”, resulting in a spec-
tral resolution of ∼ 800 in each band. Spectroscopy was
performed in two different dithering positions A and B,
with a total exposure time of 300, 600, and 1,200 sec-
onds in J , H , and K, respectively. The air mass was ∼ 1
for all observations. The SN was observed in the Laser
Guide Star Adaptive Optics (LGS-AO) mode, where SN
2010jl itself was used as a Tip-Tilt star. An A0V star,
HIP104353, was observed as a telluric standard star in
the same night, in the same grism and slit setups with the
Natural Guide Star (NGS) AO mode. The acquisition
images were checked to confirm that the target center
was correctly placed on a slit, thus the effect of a pos-
sible, artificial spectral warping is minimal (Goto et al.
2003).
We used IRAF for the spectroscopic data reduction.14
We followed a standard procedure working on the differ-
ence images between two dithering positions, with flat
fielding, bad pixel correction, and cosmic ray removal.
The two-dimensional images were created for the neg-
ative and positive images with the standard star spec-
trum being a reference for the spectrum extraction. The
wavelength was calibrated with comparison Ar lamp,
which was then further checked with strong OH sky emis-
sions. The one-dimensional spectra were extracted for
the positive and negative images with further sky sub-
traction, where we optimized the aperture to provide the
best signal-to-noise ratio without introducing an artificial
change in the spectral shape. The positive and nega-
tive one-dimensional spectra were then combined to pro-
duce the final one-dimensional spectrum. The telluric
absorption was removed using the standard star spec-
trum, where the A star atmospheric absorption lines had
been removed before performing the telluric absorption
correction. The flux calibration was also done using the
standard star spectrum, assuming the black body tem-
perature of 9,500K which we confirmed to be a good
approximation in NIR for the Kurucz template A0V star
14 IRAF, the Image Reduction and Analysis Facility, is dis-
tributed by the National optical Astronomy Observatory, which is
operated by the Association of Universities for Research in Astron-
omy (AURA), Inc., under cooperative agreement with the National
Science Foundation (NSF).
spectrum. The flux was then further calibrated to match
to the photometry (see below).
The narrow field imaging observation was performed
with the same instruments, with LGS-AO for SN 2010jl
and NGS-AO for a standard star FS143 (Hawarden et al.
2001). We used a 20 mas pixel scale, resulting in a Field
of View (FoV) of 21” × 21”. Five-point dithering was
performed with an exposure of 5 seconds in each po-
sition. Given the narrow field of IRCS, we could not
perform relative photometry with field stars. Thus, we
performed absolute photometry with the standard star
FS143. The sky condition was good, but we note that a
systematic error at the level of ∼ 0.1 mag in the abso-
lute magnitude scale might be involved (while the color
in different bands would not contain such a large system-
atic error). The imaging data reduction was performed
using IRAF, following standard procedures. Every im-
age at a different dithering position was checked, and
those with background fluctuations apparently different
from the others were removed from the analysis (typi-
cally the first dithering position). Sky flat images were
created with the standard star images, which were then
used for flat fielding and sky subtraction. Photometry
was then performed on the combined images from differ-
ent dithering positions. We used an aperture extraction
of the flux, where we varied the size of apertures to check
the convergence. The FWHM without AO core was typ-
ically 0.6”, and the typical size of the aperture we used
was ∼ (3 − 5)× FWHM. We confirmed that the zero-
point we derived for each band is consistent with the
values reported in the instrument web page and past ob-
servations using the same instruments. We note that the
standard star FS143 turns out to be a double star sys-
tem spatially resolved in the AO-aided high resolution
K ′-band image, thus we adopted a large aperture not to
miss the total light from the system. Our photometry
results in J = 14.09 ± 0.1 mag, H = 12.89 ± 0.04 mag,
and K ′ = 11.98 ± 0.02 mag (where the errors account
only for the statistical error).
2.2. Optical observations
In the optical region, SN 2010jl was observed with the
2m Himalayan Chandra Telescope (HCT) of Indian As-
tronomical Observatory, Hanle, India, on March 15, 2012
(JD 2456002.12) and May 20, 2012 (JD 2456068.18), cor-
responding to +514 and +580 days since the V -band
maximum, respectively. The spectra were obtained using
grisms Gr#7 (wavelength range 3500 - 7800 A˚) and Gr#8
(wavelength range 5200 - 9200 A˚) available with the Hi-
malaya Faint Object Spectrograph Camera (HFOSC).
Arc lamp spectra of FeAr and FeNe for wavelength cal-
ibration and spectra of spectrophotometric standard,
with broader slit to correct for instrumental response and
flux calibration, were also observed during the observing
run. Data reduction was carried out using various tasks
available within IRAF. The images were bias-corrected
and flat-fielded, then one dimensional spectra were ex-
tracted from the cleaned image using the optimal extrac-
tion algorithm (Horne 1986). The extracted arc lamp
spectra were used for wavelength calibration. The ac-
curacy of the wavelength calibration was checked using
the night sky emission lines and, whenever required, a
small shift was applied to the observed spectrum. The
wavelength calibrated spectra were corrected for the in-
4 Maeda et al.
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Fig. 1.— The combined spectrum of SN 2010jl at +553 days since
the V -band maximum. The flux in each band converted from the
photometry is shown by open squares for day + 553 (see main text).
The early phase photometry is shown by open triangles, taken from
Zhang et al. (2012) (day +87) and Andrews et al. (2011a) (day
+95). In the lower panel, we show only the NIR portion of the
spectrum with a different scale in the vertical axis (for the sake of
demonstration).
strumental response using the spectrum of spectropho-
tometric standards observed on the same night, and the
supernova spectra were brought to a relative flux scale.
The flux calibrated spectra in the two regions were com-
bined to a weighted mean to obtain the final spectrum
on a relative flux scale.
Imaging observations of SN 2010jl were performed on
March 27, 2012 (UT) and on May 21 (UT). These were
obtained in the Bessell BVRI bands with the HFOSC
mounted on HCT. With a plate scale of 0.296 arc-
sec/pixel, the central 2kx2k region of the SITe CCD chip
used for imaging observations, covers 10’x10’ of the sky.
The images were reduced in the standard manner using
IRAF. As the supernova is embedded inside the galaxy
we opted for the profile fitting photometry using daophot
available within IRAF. A set of secondary standard stars
was calibrated in the supernova field on several nights un-
der photometric sky conditions. Finally, the supernova
magnitudes were calibrated with respect to the secondary
standards. The photometry results in B = 16.96± 0.04
mag, V = 16.64 ± 0.03 mag, R = 15.71 ± 0.05 mag,
I = 15.79±0.02 mag on March 27, and B = 17.27±0.04
mag, V = 17.02 ± 0.04 mag, R = 16.00 ± 0.06 mag,
I = 16.16± 0.05 mag on May 21.
Note that the above photometry includes a possible
contamination from an unresolved background region,
thus it is likely an overestimate of the SN magnitude.
According to Zhang et al. (2012), the host galaxy con-
tamination is fainter than 18 mag within the 3” diam-
eter of the Sloan Digital Sky Survey (SDSS). We have
roughly checked how much the contamination could be
in our photometry as follows. Assuming that the bright-
est region within the host galaxy as a hypothesized un-
resolved background region, we estimate that the upper
limit of the background contamination would be 0.6–0.8
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Fig. 2.— Comparison of the line profiles, shown for Brγ (blue),
Pβ (green), Hα (red), Hβ (cyan), and Hγ (magenta). The line flux
is shown per velocity interval (i.e., ∆V ∝ ∆λ/λ0). The fluxes
for the different lines are scaled according to the expected hy-
drogen emission line strength ratios in the Case B recombination
(Osterbrock 1989), where the peak flux of Hα is taken to be unity
for the normalization. Namely, if all the line strengths follow the
Case B recombination, then all the lines should show the peak flux
at about unity. To guide eyes, the rough positions of the central
wavelength of the intermediate-width components are marked by
arrows (with the same color coordinates with the corresponding
lines).
mag in B, V , I, and 0.2–0.3 mag in R. More details
on the light curve evolution and the estimate of the host
galaxy contamination will be provided elsewhere (I. Ueno
et al., in preparation).
3. RESULTS
In this paper, we argue that dust grains were newly
formed in SN 2010jl, probably around 1 year after the
V -band maximum. The case for the dust formation is re-
garded to be solid when the following three signatures are
simultaneously detected (see, e.g., Kozasa et al. 2009,
for a review): (1) Thermal emission from the dust grains,
which was absent before the dust formation, (2) blueshift
of emission line profiles, especially with the degree of the
shift depending on the wavelength, and (3) decrease in
the optical luminosity plus increase in the luminosity at
longer wavelengths, corresponding to the thermal emis-
sion mentioned above.
Typically, it is very rare that all these signatures are
found for individual SNe (e.g., except for SN 1987A and
possibly 2006jc: see references in §1). In case only one or
two signatures are found, there is always a caveat that
these features might be created by mechanisms other
than the dust formation. This is the main difficulty in
investigating the dust formation in SNe. Even with all
these signatures detected, it is still possible to attribute
each feature to be caused by different mechanisms, while
it has been regarded that the new dust formation is the
most natural (and straightforward) interpretation, since
the dust formation scenario explains all these proper-
ties in a unified manner without fine-tuning. This is our
philosophy in this paper – since we have detected all
Dust Formation in SN IIn 2010jl 5
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Fig. 3.— The optical light curves of SN 2010jl to late phases.
The late-phase magnitudes obtained with the HCT telescope (large
symbols) are combined with the earlier phase magnitudes reported
in Zhang et al. (2012). The linear fits to the light curves in the
phases between +100 and +200 days are shown by the solid lines
(Zhang et al. 2012). The late-phase magnitudes are below the ex-
trapolation from the earlier phase (see §3.4 for details). Note that
the unresolved background contamination has not been subtracted,
which could reduce the intrinsic SN latest-phase magnitude further
by
∼
< 0.6 − 0.8 mag in B, V , I, and ∼ 0.2 − 0.3 mag in R (which
correspond to the upper limit for the host contamination), while
being negligible in the early phase. We suspect that the last point
reported in Zhang et al. (2012), which does not agree with our
photometry, would include a systematic error probably due to the
background contamination; the difference may reflect the different
size of the aperture in photometry.
these signatures in SN 2010jl, as we show in the follow-
ing sections, we suggest that the case for dust formation
is solid. We then analyze properties of the newly formed
dust grains under the assumption that these features are
mostly attributed to the formation of the dust. Further,
we check this assumption (the dominance of the newly
formed dust grains in causing these features) in view of
other possible alternative mechanisms, and conclude that
this assumption is well justified.
3.1. Indications for the Newly Formed Dust Grains
Figure 1 shows a combination of the IRCS spectrum
and the HCT spectrum with the flux scaled to the date of
the IRCS observation (+553 days). The spectrum is cor-
rected for the redshift of the host galaxy (z = 0.010697)
and for Galactic extinction from Schlegel et al. (1998)
(E(B − V ) = 0.027 mag). No correction has been made
for host-galaxy reddening, following Smith et al. (2011).
For the optical spectrum, we adopted the one taken in
March – the spectral evolution during this phase was
small, and for the purposes of this paper adopting the
spectrum taken on May does not change our conclusions.
In NIR, we have calibrated the flux scale with the pho-
tometry taken in the same night. In optical, we have
first estimated the magnitudes at the same epoch by a
linear interpolation between the photometry in March
and May, then the flux scale is matched to this estimate.
The evolution in the light curve is not large between these
epochs (∼ 0.3 mag), and moreover the colors in the opti-
cal bands have stayed almost constant. As seen in Figure
1, the HCT spectrum matches the photometry at differ-
ent bands very well.
A striking feature in our spectrum is the clear detection
of a thermal continuum component in NIR, which was
absent in the early phase (∼ +100 days; Andrews et al.
2011a) as seen by comparing our late-time NIR spec-
trum and the SED at ∼ +100 days (Fig. 1). Unlike a
few previous examples for which the continuum, increas-
ing beyond the K-band, is detected in NIR spectra (see
references in §1), the NIR emission peak in SN 2010jl
is within the H band, suggesting that the temperature
of the emitting materials (irrespective of the nature of
the material) is higher (i.e., ∼ 1, 000− 2, 000K) than the
other examples.
Besides the continuum, the NIR spectrum shows Pβ
and Brγ , but otherwise the spectrum is quite featureless.
The optical spectrum exhibits Balmer series (Hǫ, Hδ,
Hγ , Hα) and He I λ5876, which all have intermediate-
width components arising from the SN (see below).
There are narrow emissions like [OIII] λλ4959,5007, but
they are probably from an unresolved background region
(see Appendix). All the resolved strong lines with the
intermediate-width component are hydrogen lines (plus
He I λ5876), suggesting that the emitting region is either
the shocked hydrogen-rich envelope or the hydrogen-rich
CSM.
Figure 2 shows line profiles of the hydrogen emission
lines. The line flux is expressed per velocity interval (i.e.,
∆V ∝ ∆λ/λ0, where λ0 is the rest wavelength of a line).
The fluxes of the different lines are scaled according to
the expected hydrogen emission line strength ratios in
the Case B recombination (Osterbrock 1989) for the
temperature of ∼ 5, 000− 10, 000K, where the peak flux
of Hα is taken to be about unity for the normalization.
Namely, if all the line strengths follow the expected emis-
sion line ratios for the Case B recombination, then all the
lines should show the peak flux at about unity with this
normalization.
In optical wavelengths, the lines exhibit two compo-
nents, a relatively narrow component at the rest wave-
length (with the line width ∼< 1, 000 km s
−1), and a
broader (intermediate) component (FWHM ∼ 2, 000 km
s−1). The narrow component of Hα probably originates
from the SN, as also seen in previous works (Smith et al.
2012; Zhang et al. 2012), while the narrow components
in the other Balmer lines could be contaminated by the
unresolved host and/or SN site (See Appendix). Due
to the limited spectral resolution in our observation, we
are unable to distinguish these two possibilities from the
kinematics (∼ 100 km s−1 or 28 km s−1 for the CSM case:
Smith et al. 2011). In NIR, no strong narrow emission
lines from the background are seen. Because of this pos-
sible contamination from the background region to the
narrow component in the optical lines, we focus on the
intermediate-width component hereafter.
From Fig. 2 we see two clear features in the line pro-
file: (a) the central wavelength of the intermediate-width
component (see Fig. 2) is blueshifted (especially evident
in the optical lines). Note that the degree of the blueshift
is smaller for lines at longer wavelength, and with little
or almost no blueshift for Brγ . (b) A decrement in flux
for lines at short wavelengths (especially evident in Hβ
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and Hγ) with respect to those expected for Case B re-
combination. Note that this decrement also persists if
we normalize the line flux by the blue wing (§3.3), which
means that at least a part of the decrement is indepen-
dent of the normalization or intrinsic fluxes of different
lines.
It has been reported that the blueshift was already
present in the early phase, and it was about∼ 550 km s−1
between 100− 200 days (Smith et al. 2012; Zhang et al.
2012). We emphasize that the degree of the blueshift
was larger in the late phase (after 400 days), reaching to
∼
> 700 km s−1 (Fig.2: see also Zhang et al. 2012). Thus,
it requires an additional mechanism to create (increase)
the shift in the late phase, irrespective of a cause of the
blueshift seen in the earlier phase (that is still under de-
bate: see Smith et al. 2012; Zhang et al. 2012). This
additional mechanism is typically attributed to the dust
formation when other signatures of the dust formation
are simultaneously detected. We also emphasize that our
spectra show a wavelength-dependence in the degree of
the blueshift, for which no mechanism has been suggested
except for obscuration by dust particles.
Figure 3 shows multi-band light curves of SN 2010jl
including our photometry points. Between 100 and 200
days, SN 2010jl showed a flat light curve, which is in-
terpreted as being powered by the SN-CSM interac-
tion within smoothly distributed CSM materials (e.g.,
Zhang et al. 2012; Moriya et al. 2013b). The light curve
shows that the optical luminosity decline was accelerated
around 1 year after the V -band maximum, and the lumi-
nosity at ∼ 550 days is about 1 - 2 magnitudes (depend-
ing on the band and including uncertainty in the back-
ground contamination) below the extrapolation from the
light curve at the earlier phases.
As described above, we detect all three signatures of
the formation of the dust grains in the late phase of SN
2010jl (see the first paragraph of §3). In the following
sections, we will analyze the observational signatures and
place constraints on properties of the newly formed dust
grains.
Our NIR spectrum is, to our knowledge, the first clear
spectroscopic detection of thermal emission covering the
peak from newly formed hot dust from an SN in NIR,
and one of the strongest cases of dust formation in SNe to
date – the NIR thermal emission continuum from newly
formed dust particles have been (spectroscopically) seen
in a few SNe (see references in §1), but in these previous
examples the emission peaks were out of the observed
wavelength range.
Since detecting the wavelength-dependent profile of hy-
drogen emission lines is not common due to observational
limitations (see, e.g., Lucy et al. 1989; Smith et al.
2008a, 2012), we here comment on this property. We note
in particular that it is not only the blueshift but also the
decrement that depends on the wavelength (Fig 2; see
above). We suggest the following interpretation for this
behavior: the intrinsic line profile of the intermediate-
width component, for all the hydrogen lines, is at the rest
wavelength but as one moves to shorter wavelengths, the
intermediate-width component is blueshifted and sup-
pressed due to presence of dust. This scenario explains
the line profile change as a function of wavelength. The
blueshift and suppression of the intermediate-width com-
ponent are in line with the extinction by the newly
formed dust particles as we see in the NIR continuum
emission (see §3.2 and §3.3 for more details). The emis-
sion contribution in the red wing of the little-obscured
NIR lines (i.e., Pβ and Brγ) suggests that there is not a
well-defined photosphere for the SN emission, and the SN
emission is probably created as an optically thin emis-
sion in the interacting region (not as the photospheric
emission arising below the interacting region). Other-
wise, electron scattering would operate to suppress the
emission from the receding side of the SN leading to
the suppression of the red wing independent from the
wavelength. This feature is difficult to reconcile with
the obscuration created by the SN photosphere, as was
discussed based on the early phase data (Smith et al.
2012; Zhang et al. 2012). The dust particles cannot be
distributed deep in the SN ejecta, as in this case it
would not produce the absorption at the rest wavelength
(Smith et al. 2008a). Thus, the dust particles should
have a large overlap to the intermediate-width compo-
nent emitting region in their distribution, supporting the
formation of the dust particles in the cold-dense shell
created at the interaction (Smith et al. 2008a). We note
that the narrow emission components in Hα and possibly
in Pβ and Brγ do not show the wavelength shift, and this
is consistent with the dust formation: these narrow emis-
sion features (while possibly contaminated by the back-
ground) are believed to arise from the unshocked CSM
at a large distance, thus the newly formed dust grains
within the ejecta or interacting region would not obscure
much of the narrow emission components.
We note that the suppression as compared to the ex-
pected line ratios from the Case B recombination should
not be taken to be quantitative, since it is not clear if
the Case B recombination is a good approximation in
SN 2010jl. Indeed, the suppression of Hγ and Hβ seems
too large to be explained only by the extinction due to
the newly formed dust particles, given the mild wave-
length difference between these lines and Hα. We note
that the CSM density is probably very high in SN 2010jl
(see §3.5), and it is very likely that even the first ex-
cited level of the neutral hydrogen is over populated.
In this case, we expect a cascade of Hγ and Hβ to Hα
and other low-energy hydrogen series (Xu et al. 1992)
like what happens for the Lyman series in the Case B
case (Osterbrock 1989), thus the intrinsic ratio of Hγ
to Hα and that of Hβ to Hα may well be much smaller
than the Case B recombination. This indeed supports
the CSM interaction scenario for a power source of SN
IIn 2010jl. We discuss more details on this CSM density
in §3.5.
3.2. Composition, Mass and temperature of the dust
grains
The NIR spectrum of SN 2010jl shows a clear ther-
mal emission signature from newly formed dust parti-
cles. Figure 4 shows comparisons between the observed
spectrum and the theoretically expected emission for dif-
ferent dust species and sizes. We adopt the blackbody
temperature of 6,500 K for the underlying SN emission
(Zhang et al. 2012) which fits well the SN emission in the
optical wavelength at ∼> 5, 000A˚. The blue continuum is
not well fit by a single blackbody temperature: It may
Dust Formation in SN IIn 2010jl 7
5000 10000 15000 20000 25000
1E-15
1E-14
(a) C dust
ad=1 m, Td=1800K, Md=2.6e-4
ad=0.1 m, Td=1300K, Md=8.5e-4
ad=0.001 m, Td=1350K, Md=8.5e-4
TSN=6500K
H
H
Br
P
H
 
 
F
 (e
rg
 s
-1
 c
m
-2
 Å
-1
)
Rest Wavelength (Å)
5000 10000 15000 20000 25000
1E-15
1E-14
(b) astronomical silicate
ad=1 m, Td=1450K, Md=3.0e-3
ad=0.1 m, Td=1450K, Md=8.0e-3
ad=0.001 m, Td=1450K, Md=8.8e-3
TSN=6500K
H
H
Br
P
H
 
 
F
 (e
rg
 s
-1
 c
m
-2
 Å
-1
)
Rest Wavelength (Å)
5000 10000 15000 20000 25000
1E-16
1E-15
1E-14
(c) MgSiO3
ad=1 m, Td=1600K, Md=1.0e0
ad=0.1 m, Td=1600K, Md=2.5e0
ad=0.001 m, Td=1600K, Md=2.8e0
TSN=6500K
H
H
Br
P
H
 
 
F
 (e
rg
 s
-1
 c
m
-2
 Å
-1
)
Rest Wavelength (Å)
5000 10000 15000 20000 25000
1E-16
1E-15
1E-14
(d) Mg2SiO4
ad=1 m, Td=1400K, Md=5.0e-1
ad=0.1 m, Td=1400K, Md=1.0e0
ad=0.001 m, Td=1400K, Md=1.0e0
TSN=6500K
H
H
Br
P
H
 
 
F
 (e
rg
 s
-1
 c
m
-2
 Å
-1
)
Rest Wavelength (Å)
Fig. 4.— The observed spectrum as compared to the dust emission models for (a) carbon, (b) astronomical silicate, (c) MgSiO3, and (d)
Mg2SiO4 grains. The underlying SN emission is assumed to be a blackbody with the temperature of 6,500 K. Models with ad = 0.01µm
are identical to those with ad = 0.001µm, thus not shown here.
be contaminated by unresolved metal lines, e.g., Fe II
(Foley et al. 2007), or contaminated by a scattered opti-
cal light echo (Miller et al. 2010; Andrews et al. 2011b).
As we will discuss in Appendix, the bluest potion of our
spectrum is consistent with (but not exclusive to) the
echo scenario, while the unresolved lines surely exist as
well. We estimate that the echo would contribute at most
∼ 50% of the total flux in our HCT optical spectrum.
The mass absorption coefficients of different dust
species are calculated using optical constants by
Zubko et al. (1996) for amorphous carbon, Draine
(2003) for astronomical silicate, Dorschner et al. (1995)
for MgSiO3, and Semenov et al. (2003) for Mg2SiO4.
Graphite has the mass absorption coefficient similar to
amorphous carbon in the wavelength range analyzed in
this paper, thus we frequently refer the amorphous car-
bon and graphite grains as simply carbon dust.
In this section, we assume that the dusty region is op-
tically thin to the NIR photons (see §3.4 for a detailed
discussion). The total mass of the dust grains (Md) and
the temperature of the dust (Td) are connected by
Fν =
MdBν(Td)κν
D2
, (1)
where Fν is the flux of the dust thermal emission, κν is
the dust mass absorption coefficient (which depends on
the dust species and the size distribution), and D is the
distance to the SN (48.9 Mpc). Since the thermal emis-
sion was spectroscopically detected in our NIR observa-
tion, we can obtain Md and Td without degeneracy for
given dust species and the size. Our model fit is shown
in Figure 4.
In principle, with the temperature of the dust being a
free parameter, the NIR thermal emission can be fit ei-
ther by carbon, astronomical silicate, or MgSiO3 grains.
As long as the typical size of the dust (ad) is smaller
than ∼ 0.1µm, the size is not important in the NIR
SED, and (Td,Md) ∼ (1350K, 8.5×10
−4M⊙) for carbon
and (1450K, 8.8× 10−3M⊙) for astronomical silicate. If
ad ∼ 0.1µm, a slightly different set of (Td, Md) is re-
quired to fit the NIR spectrum, but the result is not very
different from those for the dust with ad < 0.1µm. Dust
particles as large as ad ∼ 1µm have a flat opacity depen-
dence across the NIR wavelength range (as the dust size
is similar to the electromagnetic wavelength), and a large
value of Td is required for carbon. The astronomical sil-
icate grains with ad ∼> 1µm do not fit the NIR spectrum
irrespective of the temperature. Since the absorption
coefficients of astronomical silicates are about an order
of magnitude smaller than carbon, the dust mass (Md)
required to fit the NIR spectrum is accordingly larger
by about an order of magnitude for astronomical silicate
than carbon.
The fit by MgSiO3 grains provides qualitatively similar
results to those by astronomical silicate, while quantita-
tively there is a big difference. The wavelength depen-
dence of the absorption coefficients of MgSiO3 is even
flatter than astronomical silicate in the NIR wavelength
range, and thus Td is larger for MgSiO3. Moreover, the
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Fig. 5.— Interpretation of the hydrogen line profiles by obscuration through the newly formed dust grains. The normalization for the
line flux is taken at the blue wing of the lines, i.e., assuming that the line profiles approach non-obscuration in the blue wing since this
is the emission from the approaching side of the SN. (a) The black line is the assumed intrinsic line profile, a Lorentzian with FWHM of
1, 800 km s−1. Different lines show the obscured line profiles with different amount of absorption characterized by τ0, taken to be τ0 = 0.17
(Brγ), 0.44 (Pβ), 1.5 (Hα), 2.5 (Hβ), and 2.7 (Hγ). (b) Same but the flux scale normalized by the assumed intrinsic line profile, shown for
the blue wing. This figure shows the escaping fraction of light as a function of the wavelength (i.e., the emitting position, which is closer
to the observer along the line of sight for the light at shorter wavelength). The thick (smooth) curves are the same models as shown in (a).
Note that our ”obscured” model is intended to provide a reasonable fit only to the blue wing, and we are not aiming at fitting the red wing
simultaneously (see §3.3). Also, the ‘narrow’ component seen in the optical lines (Hα, Hβ , and Hγ) is fully omitted from our analysis, so
the discrepancy around the rest wavelength is totally an artifact.
dust mass has to be as large as a few M⊙ if the newly
formed dust is MgSiO3, due to the small absorption coef-
ficients of MgSiO3 in NIR. A similar situation is the case
for Mg2SiO4, where Md ∼M⊙ is required to explain the
flux level of the NIR emission. Indeed, Mg2SiO4 predicts
a characteristic bump in the H band, which does not fit
to the observed smooth thermal emission.
In sum, either carbon or astronomical grains remain
possible to reconcile the NIR emission property, if the
dust temperature is simply taken as a free parameter.
MgSiO3 is highly unlikely, given the extremely large dust
mass required to fit to the NIR emission. We exclude
Mg2SiO4 solely on the basis of the unacceptable fit to
the NIR emission spectrum. Additional information is
given in other wavelength ranges, and in §3.5 we will
show that the opacity behavior in mid-IR can also be
used to reject MgSiO3 and Mg2SiO4 even without direct
observations in such a wavelength range.
The required temperature of the dust is too high for
the hypothesized astronomical silicate dust and larger
than the condensation temperature, which is typically
∼ 1, 000K (Nozawa et al. 2003). This indicates that the
newly formed dust is mainly carbon, either graphite or
amorphous carbon. The condensation temperature for
carbon grains is∼ 1, 900K, fully consistent with the lower
temperature we have derived. As analyzed above, the
derived properties of the carbon dust are not sensitive
to the unknown size of typical dust particles as long as
ad ∼< 0.1µm, and these are ∼ 1, 300−1, 350K and ∼ 8.5×
10−4M⊙, while these are ∼ 1, 800K and ∼ 2.6×10
−4M⊙
if ad ∼ 1µm.
3.3. Size of the dust
Constraining the size of the dust particles is generally
a tough task for astronomical objects, one that requires
deriving the extinction curve across a broad wavelength
range. This is especially a severe problem in studying
newly formed dust particles in SNe, as the intrinsic SED
of SN emission is not known a priori. For SN 2010jl, we
propose an approach to tackle this problem, by investi-
gating the line profiles of hydrogen emission lines from
optical through NIR, and by attributing the difference
in the line profiles to different optical depths at different
wavelength.
As shown in Figure 2, the intermediate-width compo-
nent of the hydrogen lines shows a blueshift especially
evident in optical. This suggests that the line-emitting
region and the dusty region have a large overlap, and the
receding part of the emitting region is (partly) hidden by
the newly formed dust particles (§3.1). The larger degree
of the blueshift at shorter wavelengths also supports dust
obscuration (Smith et al. 2008a).
Now, under a reasonable assumption that all the
intermediate-width component hydrogen lines are emit-
ted from the same region, we can obtain a rough con-
straint on how the dust opacity depends on wavelength
(i.e., the extinction curve). Under this assumption, the
intrinsic line profile is the same for all the lines, and the
photon path length within the dusty, obscuring region is
identical for all the lines. Namely, we can connect the ob-
served profile (f(v)) and the intrinsic line profile (f0(v))
as follow, where v/c ≡ λ/λ0−1 (λ0 is the rest wavelength
of the lines, and c is the speed of light):
f(v) = f0(v) exp(−τλ(v)) , (2)
where τλ(v) =
∫
ρκλds ∝ κλ (ρ is the density of the
dust particles and ds is the path length, which are both
independent from the wavelength). The function τλ(v)
describes the amount of absorption for a photon emitted
from a given position. While the optical depth (τλ(v))
depends both on the opacity (κλ) and the column den-
sity, the latter is independent from the wavelength. Ac-
cordingly, the difference in the observed profiles of dif-
ferent lines comes only from different values of κλ under
the assumptions described above. Although we do not
know the intrinsic strengths of the hydrogen lines from
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Fig. 6.— Wavelength dependence of the optical depth estimated
from the emission lines, as compared with the theoretical expec-
tations. The open squares are the observationally derived optical
depths for different hydrogen emission lines. The dashed black line
represents a power law behavior which fits to the optical depths
at different wavelengths we have derived. The other lines are the
theoretical expectations for carbon dust (thick-solid lines) and for
astronomical silicate (thin dashed lines). The different size of the
grains used are shown with different colors (ad = 0.001µm by gray,
0.01µm by green, 0.1µm by red, and 1µm by blue). For the theo-
retical curves, the opacities are normalized by 22,000 cm2 g−1 and
1, 000 cm2 g−1 for carbon and astronomical silicate, respectively.
different transitions (which do not follow the Case B re-
combination; §3.1), we expect that the blue wing of the
lines should approach non-obscuration, thus we scale the
observed line profiles of different lines (i.e., f(v)) at the
blue wing.
The functional form of the absorbing fraction as a func-
tion of the wavelength across the same line (i.e., de-
pendence of τλ(v) on v) depends on the structure and
kinematics of the emitting and absorbing regions, and
is generally not expressed in an analytic form. Still,
we can test an approximated simple form for it, by
the requirement that the profiles of different lines can
be at least qualitatively explained by varying the sin-
gle parameter τλ. We have tested simple polynomial
forms, and in Figure 5 we show an example where we
adopt τλ(v) = τ0((v/c + 0.01)/0.01)
β (i.e., transparent
for v/c < −0.01) and β = 5. This form provides a rea-
sonably good description of the blue portions of differ-
ent lines, with the intrinsic line profile described by a
Lorentzian (e.g., Stritzinger et al. 2012). The normal-
ization of the optical depth, τ0(λ), is a parameter which
is different for different lines and estimated by fitting
roughly a position of the peak flux in the absorbed line
profiles. The values for τ0 we adopt in Figure 5 is the
following: τ0 = 0.17 (Brγ), 0.44 (Pβ), 1.5 (Hα), 2.5 (Hβ),
2.7 (Hγ). The functional form we adopted above creates
too much absorption in the red, but we are mainly con-
cerned with the behavior in the blue to derive the rel-
ative optical depth for the different lines. We are not
aiming at fitting the detailed line profiles, since even
without the absorption the interpretation of the intrin-
sic line profile in SNe IIn has not been fully clarified yet
(see, e.g., Chugai 2001; Chugai et al. 2004). We empha-
size that our procedure here is focusing on deriving the
optical depth difference at different wavelengths – our
treatment is quite general, and the results in the optical
depth differences would not be sensitively dependent on
the assumed functional form. This method allows the
dependence of the opacity on the wavelength to be de-
rived rather independently from the detailed kinematical
properties of the emitting region.
In the right panel of Figure 5, we normalize the line
profiles by the assumed intrinsic line profile, i.e., a
Lorentzian with the FWHM of 1,800 km s−1. This pro-
vides the escaping fraction of the light as a function of
the wavelength (i.e., the path length within each line).
The same analytic curves are shown in this plot, which
shows that the decreasing escaping fraction from the blue
to the red is well described by our formalism.
With the estimate of the wavelength-dependent optical
depth (which is only dependent on the opacity), we can
extract a rough behavior of the extinction of the newly
formed dust as a function of wavelength. In Figure 6, we
compare the phenomenologically derived optical depth
(for different hydrogen lines as shown by open squares)
to the theoretical expectations for different dust species
and grain sizes (for carbon and astronomical silicate).
The dust model is the same as that used in Figure 4
for the thermal emission. The first thing to note is that
the observationally derived optical depth (κλ ∝ λ
−1.6)
follows roughly the expected behavior for carbon dust
(∼ λ−1.4) when the dust size is smaller than the wave-
length of interest. Given the uncertainties involved in
our derivation, the behavior we have derived is surpris-
ingly close to the theoretical expectation. It favors again
carbon over silicate, independent from the argument of
thermal emission, as the silicate dust predicts a flatter
opacity dependence (note that MgSiO3 has even flatter
distribution than astronomical silicate). Also, we do not
see clear saturation of the opacity at shorter wavelengths,
constraining the dust size as ad ∼
< 0.1µm (more likely
ad ∼
< 0.01µm from the derived opacity difference within
the optical wavelength).
3.4. Energy balance and effects of internal absorption
The above estimate on the optical depth at the line
wavelengths suggests that there might be non-negligible
extinction operating on the intrinsic spectrum, and thus
the dust properties estimated in §3.2 may need some
modifications. In Figure 7, we show the ‘intrinsic’ NIR
spectrum corrected for dust absorption. For the dust
obscuration, we assumed that the optical depth has the
wavelength dependence of τλ ∝ λ
−1.4 and the normaliza-
tion is taken at the optical depth derived at the wave-
length of Pβ . This relation represents very well the car-
bon dust properties in the wavelength range of interest
with the typical size of ad ∼< 0.01µm (see Fig. 6). The
dust thermal emission luminosity needed to fit the ob-
served spectrum is ∼ 5.1× 1042 erg s−1, and it increases
to ∼ 6.6×1042 erg s−1 in fitting the ‘intrinsic’ spectrum.
Fitting this ‘intrinsic’ spectrum by thermal emission
from carbon dust grains, as we did for the observed
spectrum, we derive (Td,Md) ∼ (1450K, 7.5× 10
−4M⊙).
Naively one would expect that the required dust mass
would go up if one includes the dust absorption, but we
find that it is indeed not necessarily the case. Namely, it
10 Maeda et al.
5000 10000 15000 20000 25000
1E-15
1E-14
I
R
VB
Td=1350K, Md=8.5e-4
Td=1450K, Md=7.5e-4
 = 0.5
 = 0.3
 = 1
0.3
 = 1
cont =  line
4000 6000 8000
0
1
2
 
 
m
 (m
ag
)
 
 
F
 (e
rg
 s
-1
 c
m
-2
 Å
-1
)
Rest Wavelength (Å)
Fig. 7.— Possible effects of the dust absorption. The observed
(gray) and the absorption-corrected (black) spectra are shown (as-
suming α = 1 in the optical wavelength; τcont = ατline, where
τline was derived independently). In optical, an intermediate case
with α = 0.3 is also shown (blue). NIR thermal emission mod-
els are shown for the observed (magenta) and absorption-corrected
(green) spectra. The inset shows the expected magnitude decrease
due to the internal dust absorption, for α = 1 (black squares), 0.5
(red triangles), and 0.3 (blue circles).
has been frequently mentioned that fitting an observed
spectrum with the dust emission under the ‘fully opti-
cally thin’ assumption provides a lower limit of the dust
mass as there should be additional dust particles hidden
in the opaque region, but from our analysis we conclude
that it can operate in the opposite way. With absorp-
tion, the required dust temperature and thus the specific
intensity go up, and this effect reduces the dust mass
needed to explain a given thermal emission flux. These
two effects (color change and obscuration) almost cancel
one another for SN 2010jl, and the resulting dust mass
is indeed not very different in the two situations. Thus,
we conclude that we can pin down the properties of the
newly formed dust particles into a narrow range, namely
Td = 1350− 1450K and Md = (7.5− 8.5)× 10
−4M⊙. In
reality, the emission and absorption are coupled, and the
transfer effects could make for an inhomogeneous tem-
perature structure. Thus, radiation transfer simulations
should be performed to be more conclusive on these prop-
erties, but this is beyond the scope of the present paper.
Indeed, the optical depth we derived for the NIR wave-
lengths is below unity, thus the transfer effect should not
be large anyway.
The same exercise can be performed for the optical
spectrum. The observed luminosity in the optical wave-
length is ∼ 1.4×1042 erg s−1 (obtained by integrating the
HCT spectrum in Figure 1). Assuming the wavelength-
dependent optical depth as described above, we obtain
the intrinsic optical luminosity as ∼ 7.7 × 1042 erg s−1.
Namely, the luminosity absorbed by the dust particles
(in the optical wavelength) is ∼ 6.4 × 1042 erg s−1. It
is comparable to the NIR thermal emission luminosity.
However, there can be additional absorption occurring in
the UV range which is not considered here. This could
thus be an overestimate of the absorption in optical, and
given the uncertainty in our treatment, we could allow a
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Fig. 8.— Expected dust thermal emission at IR wavelengths (up
to 23µm), for carbon (red), astronomical silicate (blue), MgSiO3
(magenta) and Mg2SiO4 (green). Those with ad = 0.001µm (thick
lines) and 1µm (thin lines) are shown. The macroscopic parame-
ters, i.e., Td and Md, are the same as shown in Figure 4.
small difference in the optical depth for the lines and con-
tinuum. Let us now assume τcont(λ) = ατline(λ), where
τcont is the optical depth for the optical continuum emis-
sion while τline is the optical depth derived from the line
profile argument. In Figure 7, we show three examples,
where we adopt α = 1, 0.5, and 0.3. The case with
α = 1 corresponds to the case as described above. For
α = 0.5 and 0.3, we obtain an intrinsic optical luminosity
of 3.1 and 2.2×1042 erg s−1, respectively. The moderate
case with α ∼ 0.5 is consistent with the NIR luminosity
with additional absorption in the UV. We note that the
value of α smaller than unity would be consistent with
a possible contribution of a CSM echo at a larger dis-
tance (see Appendix), since only a negligible fraction of
the echo light would be absorbed by the newly formed
dust grains.
The above argument additionally shows that the car-
bon dust grains provide a consistent view here. Indeed,
the balance between the absorption in optical and the
emission in IR provides an additional clue to distinguish
different dust species. Figure 8 shows the expected ther-
mal emission from different dust species in mid-IR, with
the same model parameters (Td, Md) as in Figure 4
(which gives a good fit to the observed NIR spectrum
for astronomical silicate and MgSiO3, and a rough fit
to the NIR flux for Mg2SiO4). Silicate dust, especially
those without Fe, predicts a big bump at ∼ 10µm. While
no observations in such a wavelength range have been
presented in this paper, it should affect the thermal bal-
ance. The resulting dust thermal emission luminosity
is estimated to be 6.7 × 1042 erg s−1 (astronomical sili-
cate), 6.3×1044 erg s−1 (MgSiO3), and 1.1×10
44 erg s−1
(Mg2SiO4). The astronomical silicate can still be consis-
tent with the thermal balance (although carbon grains
are preferred by other arguments), while MgSiO3 and
Mg2SiO4 are again both rejected by this argument since
these dust particles should emit mostly in mid-far IR
(Fig. 8). The expected thermal emission would exceed
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the available energy budget if these were responsible for
the NIR emission.
The effect should be seen in the light curve as well.
Here, adopting the properties of the dust grains obtained
independently (§3.3), we estimate the effect of the newly
formed dust in the optical light curve and compare the
expected behavior with the observed light curve. Fig-
ure 7 also shows how much the observed photometry is
changed due to dust absorption in the B, V , R, and
I bands (for carbon dust grains). SN 2010jl showed a
flat light curve in the early phase. The light curve of
SN 2010jl connecting the early (Zhang et al. 2012) and
the late phases is shown in Figure 3. The decline rate
in each band during ∼ 100 − 200 days was fairly lin-
ear, and the rate per 100 days was ∼ 0.22 mag in B,
∼ 0.27 mag in V , ∼ 0.13 mag in R, and ∼ 0.32 mag in
I (Zhang et al. 2012). The magnitude at 388 days after
the V -band maximum was already below the extrapola-
tion from this decline rate (Zhang et al. 2012), indicating
that the dust formation and the subsequent absorption
had already started at this epoch – inspection of data
presented by Zhang et al. (2012) shows that the line pro-
files of Hα and Hβ showed a change (blueshift) around
this epoch (§3.1), and the Hα luminosity evolution also
changed its behavior around this epoch. Assuming that
the ‘intrinsic’ SN luminosity has evolved following the
linear behavior observed in the earlier phase before the
dust formation, we expect that the unobscured magni-
tudes were likely B ∼ 15.8 mag, V ∼ 15.6 mag, R ∼ 14.5
mag, and I ∼ 15.2 mag at +553 days. Thus, we esti-
mate that the change in the magnitude due to the dust
obscuration was ∼ 1.3 mag in B, ∼ 1.2 mag in V , ∼ 1.4
mag in R, and ∼ 0.8 mag in I at +553 days, as is shown
in Figure 3. If we assume the maximum possible con-
tamination from the unresolved background (§2.2), this
could reach to ∼ 2 mag in B and V while ∼ 1.5 mag in R
and I. The difference is roughly consistent with the dust
obscuration with α in the range between 0.5 and 1. We
also note that the estimated magnitude differences are
generally larger for shorter wavelengths, consistent with
the dust extinction scenario. Given our crude treatment,
the value of α (∼ 0.5 − 1) indicates that the continuum
and lines have experienced similar obscuration, suggest-
ing that these two regions are roughly overlapping.
Note that the above argument is essentially identical
to the heating balance frequently considered in study-
ing the dust properties (see, e.g., Nozawa et al. 2008).
Since we have confirmed that the absorbed luminosity
in optical is consistent with the emission luminosity in
NIR, with the dust temperature and the dust absorption
coefficient we estimated independently, this means that
the dust temperature we derived from the thermal emis-
sion is consistent with the expectation from the heating
balance.
The argument presented in this section shows that the
optical depth of the newly formed dust grains is largely
consistent with the observed light curve evolution with-
out a significant change in the behavior of the intrinsic
light curve evolution – a frequently adopted assumption
in discussing the dust formation. Indeed, this is a widely
accepted (while practically difficult) test when the op-
tical light curve shows accelerated fading to distinguish
whether the decrease is due to the intrinsic change in
the light curve evolution (i.e., strength of the CSM in-
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Fig. 9.— A roughly constructed, quasi-bolometric light curve of
SN 2010jl (see §3.4 for details). The ‘optical’ luminosity is shown by
open circles (where the small symbols are from Zhang et al. 2012).
The bolometric luminosities from our observations are shown by
the large circles, those including only the optical contribution (open
circles) and those including both the optical and NIR (filled cir-
cles). The maximum possible contribution (i.e., the upper limit) of
the contribution from the 56Co decay is shown by the dotted line,
which is negligible at ∼ 550 days. Power law behaviors expected
from a smoothly distributed CSM interaction are shown by the
solid curves at different power law indexes (where the power law
index of −0.3 and −0.49 covers expectations from the CSM distri-
bution expressed by a steady mass loss with a range of the ejecta
structure) (see, e.g., Chevalier 1982; Moriya et al. 2013b). Given
the rough treatment in constructing the bolometric luminosity, the
‘true’ bolometric light curve (optical plus NIR) is fairly consistent
with the simple ‘smooth’ interaction model.
teraction, which could arise from a change in the CSM
distribution) or mostly due to the absorption by the new
source of absorption (i.e., newly formed dust grains).
Generally it is difficult to distinguish the two, but in this
paper we are able to do this thanks to an independent
measurement of the optical depth from the dust parti-
cles. Our analysis indicates that the absorption effect is
the main cause of the change in the optical luminosity
decline rate, while we do not reject a minor contribution
from a possible change in the strength of the interaction.
The above point is highlighted in Figure 9, which shows
a (roughly constructed) quasi-bolometric light curve of
SN 2010jl, with and without the NIR contribution.
Without observations in UV, we simply assume that the
UV contributes 10% of the optical luminosity following
Zhang et al. (2012) – this is very likely an underestimate,
given that the blue portion of the spectrum shows an ex-
cess as compared to a black body of ∼ 7, 000K. Given
this uncertainty, we adopt a conservative error of ±30%
for the bolometric luminosity. Figure 9 also compares
the observed light curve with a simple power law be-
havior which is expected from the CSM interaction with
smooth CSM distribution. While the ‘optical’ luminos-
ity at > 500 days is well below the expectation from a
smoothly-evolving CSM interaction, the ‘true’ bolomet-
ric luminosity in this phase as a sum of the optical and
NIR emissions (mostly NIR) is largely consistent with
this expectation. Thus, we do not require a significant
change in the strength of the interaction (or CSM distri-
bution), and conclude that the obscuration by the newly
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formed dust is mainly responsible for the optical light
curve evolution as well. There is a hint of slight decrease
in the total luminosity as compared to the expectation,
which might suggest that the strength of the CSM in-
teraction might have changed slightly (but not at the
level of being the main reason of the optical luminos-
ity decrease). However, given our crude estimate of the
bolometric luminosity, we regard this discrepancy as only
indicative. We also note that the energy input from the
decay of 56Co can provide at most only a minor contri-
bution in the luminosity in the late phase (i.e., > 100
days), with the upper limit placed by the requirement
that the decay luminosity cannot exceed the early phase
luminosity (< 100 days) (note that we do not insist that
the early phase was powered by the decay, but rather we
simply place the upper limit).
3.5. Properties of the ejecta and CSM
So far in this paper the dust emission and absorption
have been treated independently, and an important ques-
tion is if these two are mutually consistent, or what im-
plications the combination of the two have. The emis-
sion line profiles suggest that the emitting region is ex-
tended to the velocity of V ∼ 4, 000 km s−1, and it
did not evolve much from the early to the late phase
(Zhang et al. 2012). The wavelength-dependence of the
line profiles suggests that the line-emitting region and the
dusty region are largely overlapping (§3.1 & §3.3). Under
the assumption that a dust mass of Md ∼ 8 × 10
−4M⊙
is distributed in a shell whose inner radius is Rd, the
optical depth is estimated as follows:
τλ∼
κλMd
4piR2d
∼ 8
(
κλ
22, 000 cm2 g−1
)(
V
4, 000 km s−1
)−2(
t
550 days
)−2
.(3)
Inserting the opacity for carbon dust grains with ∼<
0.1µm, we obtain τλ ∼ 10 at 6563A˚ (Hα), 4 at 12818A˚
(Pβ), and 2 at 21661A˚ (Brγ). Namely, the opacity pro-
vided by the dust of Md ∼ 8 × 10
−4M⊙ as has been
obtained by the dust thermal emission (§3.2) is by a fac-
tor of ∼ 10 larger than that required to account for the
dust absorption (§3.3).
In other words, the dust inferred by the thermal emis-
sion will totally black out any SN emission if this would
be distributed homogeneously in the SN emitting region.
Thus, the dust formation must have been localized within
the ejecta, with the ‘filling factor’ being ∼ 0.1, suggest-
ing that the dust forming region is distributed as clumps
within the ejecta.
The dominance of the hydrogen emission lines suggests
that the dust formation region is either the shocked H-
rich CSM or shocked H-rich envelope of the SN ejecta.
Assuming that all the carbon atoms with the mass
fraction of X(C) were condensed into the dust parti-
cles within the swept-up region, then the dust mass
(Md) and swept-up mass (Msw) are connected as fol-
lows: Md = MswX(C). For the CSM case, by taking
the mass fraction of carbon atoms normalized by the so-
lar abundance, this provides the estimate on the swept-
up mass as Msw ∼ 0.27M⊙(Z/Z⊙)
−1, where Z is the
metallicity of the SN site. Since the condensation of
atoms into the dust may not be complete, this provides
a lower limit for Msw, namely Msw ≥ 0.27M⊙(Z/Z⊙)
−1.
The environmental metallicity of SN 2012jl has been re-
ported to be low, Z ∼< 0.3Z⊙ (Stoll et al. 2011) (see also
Appendix). Thus, we constrain the swept up mass as
Msw ∼> 0.9M⊙. If this was ejected by a steady mass
loss, it corresponds to a mass loss rate of ∼> 0.02M⊙
yr−1 if the mass loss velocity was ∼ 100 km s−1 as was
inferred from an emission component in a high resolu-
tion spectrum (or 6×10−3M⊙ yr
−1 with the wind veloc-
ity of 28 km s−1 as inferred from an absorption compo-
nent: Smith et al. 2011). The average CSM density up
to ∼ 2 × 1016 cm is nCSM ∼
> 3× 107 cm−3, thus at least
four or five orders of magnitude larger than typical CSM
density around SNe Ib/c from a Wolf-Rayet progenitor
(e.g., Chevalier & Fransson 2006b; Maeda 2013), and at
least two orders of magnitude larger than SNe IIp from a
Red Supergiant progenitor (e.g., Chevalier et al. 2006a).
We note the above estimate should roughly apply even if
the dust formation site is the shocked H-rich SN ejecta,
since the amount of the SN ejecta swept up by the re-
verse shock is comparable to the amount of the swept up
CSM by the forward shock (Chevalier 1982), and since
the metal content in the H-rich envelope should be sim-
ilar to that in the CSM. The high-density CSM derived
here may indicate LBV-like eruptions, suggested to take
place at the end of the evolution of a massive star with
Mms ∼> 30M⊙ (Smith et al. 2011).
The above estimate assumes that the mass fraction of
carbon atoms in the dust forming site is represented by
the environmental (or progenitor) metallicity. However,
this may well provide merely a conservative lower limit
for the swept-up mass, if one considers possible effects of
the stellar evolution on the carbon abundance in the pro-
genitor surface and the CSM. If the CSM was indeed cre-
ated by LBV eruptions, then the carbon abundance there
is likely suppressed due to the CNO cycle as was observed
in N-rich ejecta around Eta Carina (Davidson et al. 1986;
Smith & Morse 2004). This will lead to an increase in
the estimate of Msw. On the other extreme, one may
consider the case where the C-rich materials processed
by the He-shell burning may have increased the carbon
abundance in the progenitor surface and the CSM. We
judge this latter case is highly unlikely, since such a case
will lead to abundant He content in the interaction region
as was observed for SN Ibc 2006jc (e.g., Anupama et al.
2009), not the H-rich abundance inferred from the spec-
trum of SN IIn 2010jl.
We can place a conservative upper limit on the mass
loss as well (under the assumption that the carbon atom
fraction is represented by Z). The ‘rarefied’ region
should be at a lower density than the dusty clumps. Tak-
ing into account the filling factor of about 0.1, then the
mass loss properties cannot be larger than the above es-
timate by more than one order of magnitude. Thus, our
constraints on the mass loss properties are the following:
The swept up mass:
0.9(Z/0.3Z⊙)
−1M⊙ ∼< MSW ∼< 9(Z/0.3Z⊙)
−1M⊙.
The mass loss rate (for a wind velocity of 100 km
s−1):
0.02(Z/0.3Z⊙)
−1M⊙ yr
−1
∼
< M˙ ∼< 0.2(Z/0.3Z⊙)
−1M⊙
yr−1.
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The average density up to ∼ 2× 1016 cm:
3×107(Z/0.3Z⊙)
−1 cm−3 ∼< nCSM ∼< 3×10
8(Z/0.3Z⊙)
−1
cm−3.
The CSM density we estimated here can be further
checked with the relative strengths of the hydrogen emis-
sion lines. Assuming that the interaction region is largely
ionized, we expect that the electron number density is
comparable to nCSM, i.e., ne ∼ 10
8 cm−3. At this elec-
tron density, the Hβ/Hα ratio can be smaller than the
Case B recombination if the Sobolev (gas) optical depth
to Hα is large (τHα ∼
> 10) (Xu et al. 1992). If we fit the
blue wing of Hβ to that of Hα (to estimate the Balmer
line ratios in the unobscured wavelength), the intrin-
sic Hβ/Hα ratio of ∼ 0.1 is derived, which is consistent
with the expectation based on the derived CSM density
(nCSM ∼ 10
8 cm−3), if τHα ∼ 10 − 100 (Drake & Ulrich
1980; Xu et al. 1992). The electron density cannot be
larger than ∼ 1012 cm−3, since then the Hβ/Hα ratio
increases above the Case B recombination expectation
(Drake & Ulrich 1980; Levesque et al. 2012). Thus, we
conclude that the CSM density we derived is consistent
with the hydrogen line strengths.
Now, with the properties of the CSM estimated above
through the dust properties, we can check if the expected
properties of the SN arising from the SN-CSM interaction
are consistent with the observations. The energy budget
(E) and energy generation rate at the shock (L) due to
the interaction are (see also, Zhang et al. 2012),
E∼ 8× 1050
(
Msw
5M⊙
)(
V
4, 000 km s−1
)2
erg , (4)
L∼ 2× 1043
[
M˙/0.1M⊙ yr
−1
vw/100 km s−1
](
V
4, 000 km s−1
)3
erg s−1(5)
These are comparable to the observed radiation output
(∼ 4 × 1050 erg in the first 200 days, which should be
added by the smaller amount of the energy emitted after
+200 days) and the total observed luminosity in optical
and NIR at +550 days (∼ 6.5× 1042 erg), assuming that
about half of the kinetic energy was converted to the ra-
diation energy. Detailed analysis is required to improve
the above estimate, to address the conversion efficiency of
the kinetic energy to the radiation energy and the shock
velocity evolution (Moriya et al. 2013a), but the rough
agreement above strongly supports that the SN-CSM in-
teraction is the main power source of the luminous SN
IIn 2010jl.
4. DISCUSSION AND CONCLUSIONS
4.1. Summary
In this paper, we presented optical and NIR spectra
of the luminous SN IIn, 2010jl, at ∼ +550 days since V -
band maximum. The NIR spectrum clearly shows a ther-
mal continuum emission, which was absent in the early
phase. The hydrogen emission lines show a wavelength-
dependent line profile, where the optical lines show large
blueshifts, Pβ shows a small blueshift, and there is vir-
tually no shift for Brγ . With these two spectroscopic
features, we conclude that the dust grains were newly
formed in SN IIn 2010jl in the late phase. The flux in
the optical bands at∼ +550 days is offset from an extrap-
olation of the flat evolution seen in the early phase up to
∼ +200 days. This indicates that SN 2010jl showed ad-
ditional evidence for dust formation, namely the optical
light is absorbed and re-emitted at longer wavelengths.
Thus, SN 2010jl in the late phase has all the expected
properties of new dust formation. The dust we see in the
late phase (∼ 550 days) was most likely formed around
1 year after the V -band maximum.
We derived the mass and temperature of the newly
formed dust grains. Thanks to the spectroscopic detec-
tion, the properties of the dust grains are specified with
little uncertainty.
The main species:
Carbon grains, either amorphous carbon or graphite.
The typical size of the dust grains:
ad ∼< 0.1µm (most likely ad ∼< 0.01µm).
The dust temperature:
Td ∼ 1, 350− 1, 450K.
The total mass of the dust grains:
Md ∼ (7.5− 8.5)× 10
−4M⊙.
Note that the range of values of Td and Md takes into
account the uncertainty in the optical depth of the dusty
region to the NIR photons. The argument for the car-
bon grains is not only based on the NIR SED, but also
on the opacity dependence with wavelength as derived
by the different line profiles of hydrogen lines at different
wavelengths. We have checked the heating balance be-
tween the absorption in optical and the emission in NIR,
and we conclude that this is consistent with the proper-
ties of the dust (e.g., temperature) that we have derived
by an independent method. Non-astronomical silicate
grains like MgSiO3 or Mg2SiO4 are clearly rejected by
various arguments.
With the properties of the dust grains, we estimated
the properties of CSM and SN ejecta as follows:
The swept up mass:
0.9(Z/0.3Z⊙)
−1M⊙ ∼< MSW ∼< 9(Z/0.3Z⊙)
−1M⊙.
The mass loss rate (for the wind velocity of 100
km s−1):
0.02(Z/0.3Z⊙)
−1M⊙ yr
−1
∼
< M˙ ∼< 0.2(Z/0.3Z⊙)
−1M⊙
yr−1.
The average density up to ∼ 2× 1016 cm:
3×107(Z/0.3Z⊙)
−1 cm−3 ∼< nCSM ∼< 3×10
8(Z/0.3Z⊙)
−1
cm−3.
The structure of the interacting region:
The dust grains are localized within ∼ 10% of the emit-
ting volume.
The CSM properties correspond to the mass loss his-
tory of the progenitor in the last 60 years before the
explosion, assuming the mass loss wind velocity of ∼ 100
km s−1. The localized formation of the dust grains indi-
cates that the dust grains were formed in high-density re-
gions, probably distributed in high-density clumps. This
supports the formation of the dust in a dense cooling
shell created by the interaction between the SN and a
dense CSM, as the dense cooling shell (or clumps) is ex-
pected to be formed from regions which experience ra-
diative and hydrodynamic instabilities. The high density
CSM is further supported by the relative strength of hy-
drogen emission lines.
We thus conclude that there is a very dense CSM
around SN 2010jl, and we have found that the interaction
of the SN with the CSM defined above can roughly ex-
plain the luminosity and energy output of the luminous
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SN 2010jl. The high-density CSM was likely produced
by LBV-like eruptions, suggested to take place at the
end of the evolution of a massive star withMms ∼
> 30M⊙
(Smith et al. 2011).
4.2. Discussions
As shown in this paper, the dust formation scenario
provides a consistent and straightforward interpretation
to various features of SN 2010jl in the late phase. Still,
one may consider different scenarios, which may, in prin-
ciple, partly contribute to each feature to some extent.
Indeed, a combination of the blueshifted Hα profile evolu-
tion and the flat optical light curve evolution up to ∼ 400
days led Zhang et al. (2012) to hypothesize that these
could be explained by the CSM interaction without in-
voking the dust formation in this early epoch (before the
epoch of the dust formation we propose in this paper). If
the extension of this idea could explain the later evolu-
tion, i.e., further blueshift in the Hα emission and the ac-
celerated fading, is another story. For example, one may
argue that the accelerated fading could be caused by the
end of the main CSM interaction that could be related to
the possible decrease in the Hα blueshift at ∼
> 500 days
as compared to that at ∼ 400 days (while at ∼> 500 days
it was still larger than ∼ 200 days) (Zhang et al. 2012).
However, since the starting epoch of the change in this
optical luminosity decrease and that of the possible Hα
blueshift decrease were not coincident, we speculate that
such a scenario would require a rather fine tuning. In
the dust formation scenario, the decrease in the degree
of blueshift seen in Hα at ∼
> 500 days could be naturally
explained if the dust formation was more or less com-
pleted (which we attributed to be around 1 year since
the V -band maximum) and then the optical depth sim-
ply decreased following the expansion. In any case, it
is definitely interesting to investigate details of the light
curve and the line profile evolution, and their mutual re-
lation (which has not been discussed quantitatively so
far). Such a study will lead to an accurate evaluation on
the properties of the dust grains.
Investigating details of the CSM interaction is however
beyond the scope of the present paper, but we present
some arguments that this would not change our result
significantly. For example, this would not cause the
wavelength-dependent line shift. Given that the opti-
cal depth we estimate based only on the line profiles at
various hydrogen emission lines is quite consistent with
the difference between the observed optical luminosity
at ∼ 550 days and the extrapolation from the early
phase light curve evolution, there is no need to intro-
duce additional cause of the luminosity change. Further-
more, we showed that the bolometric luminosity includ-
ing NIR does not show significant change in the decline
rate, strongly indicating that the possible effect from the
change in the CSM interaction property should provide
at most only a minor contribution.
We estimate that the dust particles we observed were
formed at ∼ 1 year after the explosion. There were pos-
sible dust signatures reported based on observations of
SN 2010jl in the earlier phase, and we conclude that
they are not the same component as described in this
paper. Andrews et al. (2011a) detected IR excess at
3.6 and 4.5µm (with the peak redder than 4.5µm), at-
tributing it to an echo by pre-existing CSM dust grains.
The NIR dust emission in the late phase exceeds the
NIR magnitudes at day 108 reported in Andrews et al.
(2011a).With the monotonically decreasing SN luminos-
ity (Zhang et al. 2012), it is unlikely that the dust we ob-
served was this pre-existing CSM dust heated by the SN
emission. Also, the estimated position of the CSM dust
(∼ 1018 cm from the progenitor) is too far to be shock
heated by the SN forward shock. Indeed, if we estimate
the location of the materials emitting the NIR thermal
continuum assuming a black body (while this is just a
rough estimate, since the optical depth in NIR as we de-
rived is below unity), we obtain a radius of ∼ 2.8× 1016
cm from our NIR spectrum. This is much smaller than
the pre-existing dust found by Andrews et al. (2011a).
The black body estimate is indeed close to the expected
radius reached by the shock wave (∼ 2 × 1016 cm for a
constant shock velocity of 4, 000 km s−1, which is very
likely an underestimate since the shock must have experi-
enced deceleration), strengthening the case for the newly
formed dust grains at the dense-cooling shell. Thus, the
dust particles we observed in the late phase cannot be the
same (pre-existing) dust particles reported in the early
phase. Indeed, the above estimate of the emitting ra-
dius (∼ 2 − 3 × 1016 cm) also generally excludes a con-
tribution from any pre-existing dust grains to the NIR
emission at ∼ 550 days, since at such a small radius and
with a large luminosity of SN 2010jl, any pre-existing
dust grains there must have been destroyed by the SN
radiation (e.g., Fox et al. 2010).
In this context, we emphasize that our argument in
the heating-cooling balance (§3.4) is totally indepen-
dent from any pre-existing CSM dust grains. Such pre-
existing dust grains never produce a ‘change’ in the ab-
sorption (thus the decrease in the optical luminosity).
The possible mid-IR emission from the pre-existing dust
must not be added to the bolometric luminosity from
the system, since these dust grains at the distance of
∼ 1018 cm (Andrews et al. 2011a) would reprocess the
early phase radiation (thus should not be counted in con-
sidering the instantaneous luminosity output). From this
argument, we conclude that we cannot either support or
reject the pre-existing CSM dust from our observations,
but our analysis of the newly formed dust grains is es-
sentially insensitive to this.
Smith et al. (2012) reported wavelength dependent
blueshift in the hydrogen lines in the early phase (∼< +100
days), and they attributed this behavior either to the
newly formed dust or to the optical depth effect of the
emitting gas. We note that the blueshift we observe is
more significant, as is shown by the Hα line profile evo-
lution from the early to late phase (Zhang et al. 2012).
Although no detailed analysis on the dust properties
(including the mass and temperature) was presented in
Smith et al. (2012), we suspect that the dust mass must
have been very small if not zero – otherwise the wave-
length shift should have been greater in the early epoch
and the NIR flux should have been much larger than in
the late phase. We speculate that already in the early
phase a small fraction of the shocked ejecta/CSM might
have started the dust formation, but the major dust for-
mation took place at ∼ 1 year after the explosion.
We conclude that the newly formed dust grains are
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carbon grains. One interesting question is how the car-
bon dust grains were formed. As we conclude that the
dust formation took place either in the shocked H-rich
CSM or the shocked H-rich SN envelope, we expect that
the number fraction of oxygen atoms was higher than
that of carbon. In such a situation, the formation of car-
bon dust grains may be forbidden by the consumption
of carbon atoms into the CO molecules (Nozawa et al.
2011). Observationally, we have not detected any clear
signature of CO molecules in the K-band spectrum de-
spite good S/N – thus, it seems that even within the
O-rich gas the carbon dust grains can form by avoid-
ing the formation of CO molecules. The investigation of
such a process is beyond the scope of this paper (see,
e.g., Clayton 2013), but we note that this could provide
a hint for understanding the dust formation in SNe and
other astrophysical environments. It would also be in-
teresting to see if the carbon grain formation would have
been preceded by formation of CO molecules. Unfortu-
nately, the Spitzer data around 100 days (Andrews et al.
2011a), well before our claimed epoch for the major for-
mation of the dust grains, do not either support or reject
existence of the CO. This anyway highlights the impor-
tance of both multi-epoch and multi-band observations.
Another interesting possibility for the future is to follow
SN 2010jl further to see if silicate dust is also formed as
the temperature decreases.
In addition to the dust properties, our analysis allows
us to constrain the CSM environment, independent from
the optical light curve. We note that the density and dis-
tribution have also been constrained by X-ray observa-
tions. Chandra et al. (2012) (see also Ofek et al. 2013)
derived the density slope of ρCSM ∝ r
−1.6 and the mass
loss rate of ∼ 5 × 10−3M⊙ yr
−1 normalized at 1015 cm
(here we assume the shock velocity of 4, 000 km s−1 and
the wind velocity of 100 km s−1 for a comparison to
our result). This corresponds to the corresponding ‘lo-
cal’ mass loss rate of ∼ 0.017M⊙ yr
−1 at the distance of
2×1016 cm. Thus, our independent estimate of the mass
loss rate through the dust formation signal is roughly
consistent with the X-ray measurement. Given uncer-
tainties in both methods (e.g., ionization status in ana-
lyzing the X-ray absorption), we regard that the agree-
ment is fairly good.
The conclusion about the high density CSM likely ap-
plies to other luminous SNe IIn as well. We note a strik-
ing similarity in the ejecta and CSM properties we de-
rived for SN 2010jl and those derived for SN IIn 2006tf by
Smith et al. (2008b), despite totally different approaches
to estimate these properties. SN IIn 2006tf was similar
to SN 2010jl in the luminosity, light curves, and spec-
tral evolution (Zhang et al. 2012). Smith et al. (2008b)
estimated the mass loss rate in the last decade before
the explosion of SN 2006tf reached a few M⊙ yr
−1 to
explain the luminosity of SN 2006tf (similar to that of
SN 2010jl) by the SN-CSM interaction. The CSM den-
sity we estimated is a bit lower than this, but still much
higher than a usual stellar wind and close to the amount
expected for LBV-like eruptions of a massive star. Given
uncertainties in both estimates (i.e., from the interaction
luminosity and from the dust mass), the situations we in-
fer for these two SNe are strikingly similar. Our analysis
on the CSM properties around SN 2010jl will provide a
useful basis on analyzing other (luminous) SNe IIn and
potentially (at least a part of) SLSNe.
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APPENDIX
A. CONTAMINATION FROM THE UNRESOLVED BACKGROUND REGION
In this section, we check how much the narrow component of the hydrogen emission lines is contaminated by emissions
from the unresolved host and/or the SN environment, rather than a narrow emission from the CSM just around the
SN. We assume that the HCT spectrum of the SN vicinity, used for the background subtraction, represents a spectrum
of the unresolved background region from the host galaxy and/or SN environment (not affected by the SN emission).
We estimate a possible contribution from the unresolved background region to the narrow component of the hydrogen
emission lines seen in the SN spectrum as follows (Fig. A1). The extracted SN spectrum (Fig. 1) shows narrow
emission lines of [OIII] λλ4959, 5007, likely originated from the background, rather than the SN/CSM itself. We first
scaled the background spectrum by the flux of the [OIII], then assumed that the scaled spectrum is representative of
the unresolved background region. Then, we compared this spectrum with the hydrogen emission lines. As shown in
Figure A1, the possible contamination from the background to the narrow emission lines seen in the SN spectrum is
not negligible. Therefore, we decided not to discuss details of the narrow component in the main text.
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Fig. A1.— The comparison between the extracted SN spectrum (black) and the background spectrum (red). The background spectrum
is scaled to the [OIII] λλ4959,5007 seen in the SN spectrum (a), as this is very likely an residual emission from the unresolved background
region. The scaled background spectrum is then compared to the SN spectrum in the wavelength ranges for Hγ (b), Hβ (c), and Hα (d).
B. SN SITE METALLICITY
Stoll et al. (2011) reported that the metallicity around SN 2010jl is low, Z ∼< 0.3Z⊙. With the SN vicinity spectrum
we obtained, we cross-checked this estimate. We first measured the fluxes of the narrow emission lines, Hα, Hβ ,
[NII] λ6584, and [OIII] λ5007. Then we used the N2 indicator (N2 ≡ log([NII]/Hα)) and O3N2 indicator (O3N2 ≡
log(([OIII]/Hβ)/([NII]/Hα))), in order to derive the oxygen abundance (log(O/H)) using relations in Pettini & Pagel
(2004). We then derived the metallicity as 12 + log(O/H) ∼ 8.31 by the N2 diagnostics and ∼ 8.36 by the O3N2
diagnostics. Given the typical uncertainty of ∼ 0.1− 0.2 dex in these methods, our result agrees with that presented
by Stoll et al. (2011). Adopting the solar metallicity as 12+ log(O/H) = 8.66 (Aspulund et al. 2004) and representing
the metallicity by the O abundance, we estimate that Z ∼ 0.3 − 0.7Z⊙. While the mean is larger than that derived
by Stoll et al. (2011), the two results still agree within the error. In the main text, we adopt Z = 0.3Z⊙ as a reference
value for the metallicity, following Stoll et al. (2011).
C. POSSIBLE ECHO CONTRIBUTION IN THE OPTICAL SPECTRUM
As mentioned in §3.2, our optical spectrum in the late phase (∼ +550 days) shows deviation from a single black
body fit especially in the blue, either due to unresolved lines or a light echo caused by the CSM. While it is not a
main focus of the present paper, this itself is an interesting question, thus we provide a constraint with our data on
this issue in this Appendix.
Figure C1 shows a comparison between the late phase spectrum and a pseudo echo spectrum. For the pseudo echo
spectrum, we simply adopt the maximum-phase spectrum at ∼ 24 days since the V -band maximum (Zhang et al.
2012)15 and apply an additional dependence of fλ ∝ λ
−1.2 to mimic the scattered spectrum (Miller et al. 2010). From
this exercise, we see that there is a hint of a light echo contribution below ∼ 5, 000A˚, where the overall continuum
slope is consistent with the expectation from the echo scenario. While this is not a probe of an echo contribution,
this provides an upper limit of the contribution of an echo in the optical emission, which we estimate to be ∼< 50%
at maximum in luminosity. Since the thermal balance argument in §3.4 already includes the uncertainty at this level
(e.g., in the value of α), this would not change our conclusion.
At the same time, there are emission features which cannot be attributed to the echo (e.g., at ∼ 4, 500 and 5, 200A˚).
Thus, even if the echo is present, the unresolved lines are also present as suggested by, e.g., Foley et al. (2007). Further
investigating the echo contribution in the late phase emission is definitely interesting, and we will present detailed
15 The spectrum was obtained through The Weizmann interactive supernova data repository (www.weizmann.ac.il/astrophysics/wiserep)
(Yaron & Gal-Yam 2012)
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Fig. C1.— The possible contribution of the CSM echo in the late phase optical spectrum. The HCT spectrum (black) is compared with
a pseudo echo spectrum (red), which was constructed from the spectrum around V -band maximum (Zhang et al. 2012), multiplied by the
further dependence of fλ ∝ λ
−1.2 to mimic the scattered spectrum. The flux in the ‘echo’ spectrum is scaled as large as possible, while
not to exceed the flux in the late phase spectrum.
analysis on this issue elsewhere.
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